Cortico-basal ganglia-thalamic (CBT) β oscillations (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) are elevated in Parkinson's disease and correlated with movement disability. To date, no experimental paradigm outside of loss of dopamine has been able to specifically elevate β oscillations in the CBT loop. Here, we show that activation of striatal cholinergic receptors selectively increases β oscillations in mouse striatum. Furthermore, β expression in primary motor cortex (M1) distinguishes two BG dynamical states. In one, β oscillations increase in both striatum and M1, with partial directed coherence occurring primarily from striatum to M1 and distinguishing between β subbands. In another, M1 is characterized by persistent β -HFO phase-amplitude coupling, and shows no β increase. This suggests:
Introduction
The striatal cholinergic system is emerging as a key mediator of parkinsonian motor symptoms. Chronic loss of dopamine diminishes M4 autoreceptor functioning on striatal cholinergic interneurons (sChIs), which normally function to regulate release of acetylcholine (ACh) [1] . Increased levels of ACh occur in the striatum of both the 6-OHDA rat model of Parkinson's disease (PD) as well as after acute antagonism of dopamine D2 receptors [2] . Optogenetic activation of striatal cholinergic interneurons (SChIs) promotes parkinsonian-like motor symptoms in normal mice [3] , whereas silencing SChIs improves motor symptoms in dopamine depleted parkinsonian mouse models [4] . Furthermore, intra-striatal infusion of cholinergic muscarinic antagonists alleviates parkinsonian motor symptoms [5] , and antipsychotic-induced parkinsonism has been recently attributed to SChI activity [6] . Despite the evidence linking the striatal cholinergic system and parkinsonian motor deficits, the neuronal dynamics mediating cholinergic-induced movement disability are unknown. Understanding the neuronal and network mechanisms underlying cholinergic-induced movement disability would provide a framework for identifying likely targets for therapeutic interventions.
A common measure of neuronal dynamics, the local field potential (LFP), shows elevated and coordinated oscillations within the extended β frequency range Hz) in corticobasal ganglia-thalamic (CBT) circuits in PD patients and animal models of PD that correlate with movement disability [7, 8, 9, 10, 11, 12, 13] . To date, no experimental paradigm (pharmacologic or optogenetic) outside of loss of dopamine has been able to elevate oscillations in the CBT loop specifically in the β frequency range. While there is some suggestion that the striatal cholinergic system can modulate β oscillations in CBT circuits, evidence is lacking for specificity of modulation to the β frequency range. Previous studies optogenetically stimulating striatal cholinergic interneurons in normal mice elevated oscillatory power at all frequencies greater than approximately 10 Hz, including both β and broadband γ oscillations [3] . Prior studies with carbachol-induced β oscillations in striatum did not address specificity of elevation to the β frequency range [14] . Additionally, since the recordings were limited to striatum, these studies could not determine more widespread effects of striatal cholinergic modulation within CBT circuits [14] . To determine whether modulations of striatal cholinergic tone are sufficient to elevate and coordinate oscillations specific to the β frequency range in normal, non-parkinsonian CBT circuits, we elevated striatal cholinergic tone with infusions of carbachol while recording LFPs from both striatum and M1. We found that acute increases in striatal cholinergic tone can both selectively increase β oscillations in striatum and M1 as well as increase coordination between these two regions specifically in the β frequency range. Since the dynamic changes are acute, these findings have the important implication that the mechanism of exaggerated β oscillations in PD may stem from normal physiological processes in CBT circuits, rather than from plastic changes due to the chronic loss of dopamine. This paper presents evidence for the existence of β -generating network mechanisms in normal, non-parkinsonian states within CBT circuits as well as evidence that both the power and coordination of β oscillations can be regulated by striatal cholinergic receptors.
Results
To determine how activation of striatal cholinergic receptors affects oscillations in both striatum and the larger CBT loop, we simultaneously recorded LFPs from striatum and M1 while infusing carbachol into the striatum of normal mice (Fig. 1a) . In the striatum, carbachol infusion induced frequent bursts of strongly elevated β oscillations, with each burst lasting for hundreds of milliseconds to seconds (Fig. 1a) . Consistent with our previous study [14] , such bursting was never observed before carbachol infusion.
Carbachol Infusion Selectively Increases Striatal
β Power Carbachol infusion generated long-lasting increases in oscillatory power, with increases in β power lasting longer than increases in power at other frequencies. To quantify periods of increased band power, we compared 5-minute sliding windows of power to all power pre-infusion ("baseline power") within 7 different frequency bands, δ (1-4 Hz), θ (4-8 Hz), α/low β (8-15 Hz), β (15-30 Hz), γ (30-100 Hz), and highfrequency oscillation (HFO, 120-180 Hz) (Fig. S2 . The average duration of increased power was largest for the β band. β power increased over at least one 5 minute period in 10 out of 12 animals, with periods of elevated striatal β power lasting 17.06 ± 5.70 minutes (mean ± s.d.). These periods began 0.57 ± 1.01 minutes (mean ± s.d.) after infusion. Furthermore, in 4 of these animals, β remained increased at the end of the recording, 20 minutes post-infusion. In three long recordings (lasting ≥ 40 minutes post-infusion), the increase in striatal β power lasted 21.15 ± 7.29 minutes. While β increases were longer than increases in other frequencies, this difference was not statistically significant. Increases at multiple frequencies may in part be due to longer observation times post-infusion.
To eliminate the effect of longer observation times postinfusion, we examined 2.5-minute "snapshots" of the oscillatory dynamics during both pre-and post-infusion periods, in each band. Examining these snapshots of oscillatory dynamics also allowed us to account for the variable times of expression of carbachol-induced increases in power across animals. More specifically, we compared periods of peak "band power density" (BPD) pre-and post-carbachol. peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/148551 doi: bioRxiv preprint first posted online Jul. 5, 2017; BPD (the percentage of time when oscillatory power within a specific frequency band is significantly higher than baseline, see Methods and Fig. S2 ) is a measure that quantifies one of the most salient characteristics of observed increases in band power -namely, an increase in the percentage of time that the band power is higher than "normal" (Fig. 1a) .
During the period of highest striatal β BPD post-carbachol, spectral power in striatum increased selectively at high β frequencies (Fig. 1b, row 4) . Carbachol induced no other changes in spectral power during this period (Fig. 1b, row 4) . Carbachol also failed to induce increases in spectral power at any frequency during periods of highest BPD for non-β bands (Fig. 1b) . Interestingly, all periods of highest non-β BPD had distinct, though statistically non-significant, power peaks in the β frequency range. These results extend previous findings [14] by showing that carbachol selectively increases β oscillations in the striatum.
Carbachol-Induced β Increases are Dichotomously
Expressed in M1 In M1, β power changes were inconsistent, with half of mice (n=12 total) exhibiting M1 β power increases post-carbachol co-incident with periods of highest striatal β BPD (Fig. 2) . M1 β increases were generally smaller in amplitude than those in the striatum (Fig. 2a) , and β power failed to increase post-carbachol at the group level (Fig. S2) . To determine the spectral properties associated with the emergence of M1 β , we separated the mice into two subgroups, one containing mice showing M1 β increases at the individual level (M1+, n=6), and one containing mice lacking M1 β increases at the individual level (M1-, n=6).
Subgroup Differences in Spectral Power
In the M1+ subgroup, M1 β power was elevated in the frequency range 19-34 Hz at the subgroup level, while striatal β power was elevated over a narrower β range from 22-28 Hz (Fig. 2b) . In contrast, carbachol failed to alter M1 β power at the subgroup level in M1- (Fig. 2b) . Interestingly, in the M1-subgroup, striatal β power increased not only in high β (as in M1+) but also in the α band (13-14 Hz and 26-28 Hz, Fig.  2b ).
Subgroup Differences in Oscillatory Coordination
In PD, elevation of β power is accompanied by changes in β phase coordination within the CBT loop [7, 15] . In our data, when activation of striatal cholinergic receptors elevates β oscillations in both striatum and M1, it also increases β coordination in corticostriatal circuits. The phase locking value (PLV) between simultaneously recorded LFPs in striatum and M1 was robustly and selectively increased (during periods of highest striatal β BPD) in the higher β frequency range (20) (21) (22) (23) (24) (25) (26) Hz) in M1+ but not in M1- (Fig. 2b) . We also examined the cross spectrum between M1 and striatum (another measure of rhythmic coordination) and found increases at high β frequencies (27-28 Hz) in M1+ but not in M1- (Fig. 2b) . peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/148551 doi: bioRxiv preprint first posted online Jul. 5, 2017; The frequency range of these increases in rhythmic coordination is contained in the overlap of the ranges of striatal and M1 β power increases, suggesting increased β phase coordination depends on β power elevations in both regions.
Carbachol Infusion Alters Information Flow Be-
tween Striatum and M1 Differently Within β Subbands To further characterize the directionality of the elevations in β coordination, we measured partial directed coherence (PDC) between striatal and M1 LFPs during the period of highest striatal BPD. PDC is a measure of how (frequencyspecific) fluctuations in one time series predict (frequencyspecific) fluctuations in another time series, indicating the flow of information within a given frequency band between structures [16] . In group M1+, PDC analyses revealed that carbachol infusion increased the influence of the striatum on M1 in the β frequency range from approximately 20-34 Hz, and also increased the influence of striatal γ (51-52 & 87-102 Hz) band activity on M1 (Fig. 2b) . PDC from M1 to striatum also increased in the β band in M1+, but the increase was restricted to the high β range (30-33 Hz) (Fig. 2b) . In group M1-, there was no change in PDC in either direction at frequencies ¡100 Hz. Both groups exhibited changes at frequencies above 100 Hz.
Examining the frequencies at which individual animals exhibited changes in PDC also suggested an association between information flow and β subbands (Fig. 3) . Most animals exhibited increases in striatal to M1 PDC at frequencies between 21 and 24 Hz. In contrast, most animals exhibited increases in M1 to striatal PDC at frequencies between 28 and 33 Hz. This suggests that distinct β subbands are differentially modulated following striatal carbachol infusion. 
M1-was Distinguished by Increased β -HFO PhaseAmplitude Coupling
Cross-frequency coupling between brain rhythms within the CBT loop is implicated in the function (and dysfunction) of the motor system, and changes in cross-frequency coupling may characterize behaviorally relevant changes in CBT dynamics [17, 18, 19] . We examined phase-amplitude coupling (PAC), in which the amplitude of a high frequency oscillation exhibits a statistical dependence on the phase of a low frequency oscillation [20, 21] , in both striatal and M1 LFPs, pre-and post-infusion, in groups M1+ and M1-. Group M1-showed β -HFO PAC that was clearly absent in group M1+ (Fig. 4) . This β phase modulation of HFO power was present during both pre-and post-infusion periods of highest striatal β BPD. This result gives more evidence that groups M1+ and M1-are in distinct dynamical states, even before carbachol infusion occurs. 
Discussion
Infusion of carbachol into the striatum of normal mice brought to light two independent dynamical states in CBT circuits. The first state (M1+) was defined by elevated β frequency oscillations in both striatum and M1, and characterized by: (1) increased coordination between β oscillations in these two structures as measured by PLV and cross-spectral power; and (2) increased information flow between striatum and M1 in the β frequency band. In the second state (M1-), β power was elevated only in striatum, not M1, and β -HFO PAC was robustly present (and increased relative to M1+) both pre-and postinfusion. No changes from baseline in PLV, cross-spectral power, or PDC were noted in state M1-. The existence of the M1-state demonstrates that elevated striatal β may occur independent of elevated M1 β , and that CBT networks can operate in a regime that prohibits exaggerated β oscillations from emerging in M1 when present in striatum. Indeed, such state dependence may explain inconsistent findings on peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/148551 doi: bioRxiv preprint first posted online Jul. 5, 2017; acute β increases in frontal cortex: experiments on systemic dopamine depletion in anesthetized rats, which failed to increase β power in ECoG recorded from somatomotor cortex [11] , may be observations of our state M1-; while experiments in which acute striatal dopamine depletion increased β power in M1 in awake DAT knockout (DAT-KO) mice [22] may be observations of our state M1+.
In contrast to recent experimental work showing that optogenetic stimulation of striatal cholinergic interneurons (sChIs) induces broadband increases in oscillatory power in striatum and M1 [3] , the current study shows a selective elevation of power in the β frequency range within corticostriatal circuits, which can be attributed to the stimulation of striatal cholinergic receptors. In group M1+, all significant increases in power, PLV and cross-spectral power, both in striatum and M1, occurred in the β frequency range. Optogenetic stimulation of sChIs increases α, β , and low and high γ power in striatum, and β and low and high γ power in M1 [3] . What could be the source of the sChI-induced elevations in α, low γ, and high γ power, absent in our group M1+? The previous study suggests that sChI-induced high γ is not attributable to activation of striatal cholinergic receptors, since sChI-induced high γ was not reduced by either muscarinic or nicotinic blockade [3] . Since sChIs co-release glutamate with ACh [23] , perhaps glutamatergic mechanisms are involved in producing striatal high γ oscillations. Elevated α in striatum, however, may be due to cholinergic mechanisms. Indeed, although α power was not elevated in striatum in group M1+, it was significantly elevated in striatum in group M1-, which indicates that activation of striatal cholinergic receptors can modulate α in a state-depended manner. The source of elevated sChI-induced low γ is unclear, since sChI-induced low γ was diminished following muscarinic blockade. Perhaps the discrepancy between the current pharmacologic and the previous optogenetic study stems from the usage of different ranges for β -part of the range that is significant for β in the current study (30 -35 Hz) was considered as part of the low γ range in the optogenetic study -or the lower frequency resolution resulting from short trial lengths in the previous study.
The PDC during periods of elevated β in M1+ suggests that much of the flow of information in β (19-34 Hz) is directed from striatum to M1. However, interestingly, part of the higher β band (28-34 Hz) also shows directed information flow from M1 to striatum. Consistent with our results for the higher β band, rats rendered parkinsonian by 6-OHDA lesion show bidirectional Granger causality (GC) between cortex and striatum in the β frequency range with the flow of information predominantly from striatum to cortex [24] . However, since our results showed only unidirectional PDC in the low β range, the bidirectional GC in low β range in the 6-OHDA rats is likely due to mechanisms present in parkinsonian states other than elevated striatal cholinergic tone. Our PDC results may possibly be explained by high β (β 2 ) being a resonant frequency in CBT circuits, such that amplification and enhanced transmission of the β 2 frequency occurs at multiple sites within the CBT loop. This is consistent with M1 being a suspected generator of β 2 frequencies [25, 26] and with striatum also suspected of generating β over a range of β frequencies [14] . The fact that elevated β 2 oscillations can occur in striatum in the absence of elevated β in M1 (as observed in the M1-group) indicates elevations in striatal β are not dependent on elevated M1 β .
Many of our results suggest a division between high and low β frequencies and further implicate multiple sources of β within the CBT loop. Only high β is coordinated between striatum and M1 as measured by PLV and cross-spectral power. Furthermore, PDC reveals bidirectional communication between striatum and M1 only in the high β (28-34 Hz) frequency range (PDC is unidirectional from striatum to M1 from 19-27 Hz). Additionally, in M1+ PAC between β and HFOs only occurs for low β (less than approximately 20 Hz). These results suggest that there exist at least two frequency ranges within the β band with different properties and perhaps mechanistic sources. This idea is consistent with evidence that suggests low and high β are distinct entities in the parkinsonian basal ganglia, responding differently to dopaminergic therapy and DBS, and potentially correlating with different motor related behavior and motor symptoms in PD [7, 17, 27, 28, 29, 30, 31, 32] .
Oscillations at α and low β frequencies may play a mechanistic role in preventing the emergence of elevated M1 β power during states of high striatal cholinergic tone in group M1-. α power (13-14 Hz) is elevated in striatum only in the M1-state, accompanying β elevation in striatum but not in M1. Furthermore, α and low β couple strongly with HFO frequency oscillations in M1 during the M1-state, but not during M1+. Although both the mechanisms of generation and function of HFOs are unknown, it is interesting to note that the HFO frequency that couples to low β (130-200 Hz) is similar to the range of effective frequencies used for deep brain stimulation (DBS) (around 130-185 Hz) for the alleviation of motor symptoms in PD [33] . Perhaps DBS amplifies intrinsic M1 mechanisms that prevent the propagation of elevated β oscillations around the CBT loop. Indeed, HFOs also appear in M1 after severe dopamine depletion in rats, with the amount of β correlating inversely with the amount of HFOs [34] , consistent with the idea that the HFOs may offer some protective effect against exaggerated β . Further research into the mechanisms and functions of these HFOs is needed to shed light on these possibilities. Of additional note, the low β -HFO PAC is high both before and after carbachol infusion in state M1-, which not only lends additional evidence to the idea that M1-and M1+ represent two functionally distinct states of CBT dynamics, but also suggests that the dynamical state prior to perturbation by carbachol is a critical regulator of β propagation in CBT circuits. Further characterizing the dynamics present during state M1-may provide additional insight into a normal CBT network state that is capable of preventing the propagation of β oscillations throughout the CBT loop.
The present study shows that β can be acutely elevated in striatum and M1 after stimulation of striatal cholinergic receptors, showing that plastic changes due to chronic loss of dopamine are not required to produce robust β in CBT circuits. Our previous computational modeling work suggests that networks of striatal medium spiny neurons (MSNs) can robustly and reversibly produce β frequency oscillations in response to perturbations that increases the spiking rate of the MSNs, including heightened striatal cholinergic tone and lowered dopaminergic tone [14] . The experimental results reported here support this model of β generation in basal ganglia. Additional support for this model comes from studies showing elevated β oscillations in striatum and M1 after acute loss of dopamine in DAT-KO mice concurrently with parkinsonian motor symptoms [35, 22] , suggesting PD β pathology and its associated symptoms may not require long-term plastic changes to basal ganglia structures.
The striatal β model [14] introduces a mechanism capable of producing exaggerated β oscillations acutely. These acute changes in β may coexist with β -producing mechanisms dependent on slow, plastic changes consequent to dopamine depletion, as posited by proposed models of β generation in Parkinson's disease that are dependent on oscillatory dynamics in STN/GPe and GPe/striatal circuits [36, 37, 38, 39, 40] . Similar STN/GPe models may be capable of producing acute increases in β [41] . However, to our knowledge, there is no evidence for acute β increases in STN or GPe following dopamine depletion (or any other experimental manipulation). Indeed there is some evidence that acute β increases are missing in STN following DA depletion: in the 6-OHDA rat model of Parkinson's disease, β oscillations are not elevated in the STN until several days after dopaminergic lesion, and the STN does not show increases in β oscillations after acute disruption of D1 or D2 receptors signaling [11] , consistent with the necessity of plastic changes for the production of STN β oscillations. We note that it remains unclear how cholinergic tone affects dopamine in striatum during carbachol infusion [42, 43] and the carbachol-induced β may be working by acutely decreasing dopamine in striatum. However, although recordings from STN were not obtained, it is unlikely that the plastic changes to the STN/GPe circuits due to chronic loss of dopamine which appear necessary for elevated STN β were achieved during the relatively short duration of post-infusion recordings in this study.
A result commonly claimed to refute the possibility of striatal β generation in PD comes from experiments done on MPTP monkeys [44] , in which local blockade of projections from striatum to a microregion of GPe failed to abolish β rhythms in that microregion. However, the small proportion of striato-pallidal synapses blocked in these experiments leaves open the possibility that β oscillations propagated from striatum to the blocked portion of GPe through the intact (majority of) projections and pathways connecting these two regions. In particular, while the projections from striatum to GPe are convergent, the loop from STN to GPe and back is highly divergent [45] , and may have relayed β from the intact surrounding GPe to the blocked microregion.
Antimuscarinics were a mainstay of therapy for Parkinson's disease until the advent of L-dopa in the 1960s [46] and the current study suggests that the main site of their efficacy may reside in their ability to lower striatal cholinergic tone. However, although striatal neurons may experience hypercholinergia, other cholinergic centers in the brain degenerate in PD, including the basal forebrain cholinergic system, which is the primary source of cholinergic input to the cortex [47] . Thus, although PD patients can experience some relief of symptoms from anticholinergics, the additional hypocholinergia produced in non-striatal sites by systemic anticholinergics in PD patients likely contribute to the limiting side effects of anticholinergic drugs, including cognitive impairment, confusion, memory loss, and nausea [48, 49, 50] . In contrast, targeted striatal anticholinergic interventions alleviate parkinsonian motor symptoms in 6-OHDA mice [4, 5] , suggesting that the therapeutic effect of systemic anticholinergics may be due to the lowering of cholinergic tone in striatum. The present study suggests that anticholinergics may exert their beneficial effects in PD by reversing the network dynamics producing exaggerated β oscillations within CBT circuits.
In the present study, we find that activation of striatal cholinergic receptors can selectively elevate the power and coordination of β frequency oscillations in striatum and M1. M1 β oscillations induced by increasing striatal cholinergic tone depend on the dynamic state of the CBT loop prior to and during carbachol infusion. Our results demonstrate a prominent role for striatal cholinergic receptors as state-dependent modulators of β frequency oscillations throughout the CBT loop, and have widespread implications for the importance of these receptors in the control of voluntary movement and its loss in PD.
Methods

Animal Preparations and Recordings
All animal procedures were approved by Boston University's Institutional Animal Care and Use Committee (IACUC), and are in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. 12 adult mice, C57B6 wild type, or Emx-Arch transgenic mice, both males and females, were used in this study.
Stereotactic surgeries were performed under general anesthesia. Mice were implanted with custom head-plates that allowed access to both striatum and motor cortex. Upon recovery from surgery, mice were head-fixed and recorded from while awake, with glass electrodes (Warner instruments; G100F-4) filled with saline (impedance 1-5 mOhm). Simultaneous recordings were made in the striatum (stereotactic coordinate: AP (anterior posterior) = 0, ML (medial lateral) = 2.5-3 ML, and DV (dorsal ventral) = 2.0-2.5), and the primary motor cortex (AP=-2, ML=1, DV=0.7-1). Local field potential was recorded with a multiclamp 700A amplifier (Molecular peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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Devices), digitized with a Digidata 1440 (Molecular Devices, Inc.) at 20kHz. A custom cannula was coupled to the striatal recording electrode with the cannula tip positioned 500µm above the electrode tip. Before carbachol infusion, baseline recordings were made for at least 5 minutes. Carbachol (Sigma C4382) was dissolved in saline at a final concentration of 1µM, and infused at 0.2 µL/min for 5mins (total 1 µL). Recording was performed throughout the infusion period and for at least 12.5 minutes after infusion was started, with the average length of the recordings following the start of infusion being 24.6 ± 14.6 mins (mean ± s.d., n = 12 mice).
Data Analysis
Obtaining Band-Limited Power at Various Frequencies
Power increases observed after carbachol infusion were often bursty rather than continuous. To capture short-duration changes in spectral power, we calculated spectral measures using wavelets. Simultaneously recorded LFPs from each session were first detrended using a 20 second moving average, and then downsampled to 500 Hz sampling rate. 
Identifying Broadband LFP Deflections
Carbachol infusion often produced large peak-like LFP deflections ("peaks", Fig. 3A) . These "peaks" had a broadband signature, with the most energy at lower frequencies, and thus complicated our analysis at specific frequency bands. To prevent the spectral signatures of these peaks from biasing our analyses, these "peaks" were first identified and removed before any spectral analysis. Peak identification was accomplished using one of two methods. For the first method, we first identified putative peaklike deflections using Matlab's findpeaks function, which finds local maxima in the LFP traces that are separated by a minimum time, t min . This argument t min (typically around 1 second) was determined by visual inspection for each recording to ensure that all possible artifactual peaks were selected. We then extracted the LFP waveform from t min /2 before to t min /2 after the identified putative peaks, and these waveforms were clustered using Matlab's kmeans clustering function. The clusters corresponding to peaks were manually marked for removal. This method was successful in identifying peak-like deflections that exhibited highly stereotypical waveforms.
In the few cases when the first method failed due to peaks being insufficiently stereotypical, a second method was used. In this method, real peaks were selected from putative peaks by manually setting thresholds on "peak prominence", a measure of how large a given peak is relative to the surrounding waveform. Specifically, prominence was calculated by integrating the difference between the height of the putative peak and the value of the local LFP waveform from t min /2 before to t min /2 after the time of the putative peak. To determine putative peaks, the function findpeaks was used as above, unless peak-like artifacts occurred close to other local maxima in the LFP. In these cases, we noticed that peaks exhibited a particular spectral signature (i.e., their occurrence was accompanied by increases in band power in a specific band, usually δ or θ ). Thus, in these cases, we used band-limited power in conjunction with the LFP to identify putative peaks as follows. First, the function findpeaks was used to find maxima in the appropriate band power time series (with the relevant band determined by visual inspection) separated by a time t min . Second, putative peaks were identified as the local LFP maxima located no further in time than t jitter from these maxima in band power. The time t jitter was again determined by visual inspection, and was always smaller than the time t min /2 (typically on the order of 10 ms).
Eliminating Effects of Broadband LFP Deflections
After peaks were identified, the spectral parameters possibly affected by these peaks were excluded from both wavelet transforms and band power time series for all subsequent analyses, as follows. The number of data points removed from each time series was proportional to the inverse of the frequency represented by the time series, as seen in Figure 2B . Roughly speaking, for each wavelet component and for each peak, we identified data points at which the magnitude of the Morlet wavelet centered at the peak was greater than 10% of the maximum magnitude of the Morlet wavelet. For example, this would remove all timepoints within 1025 ms of a peak in the 1 Hz time series, all timepoints within 527 ms of a peak in the 2 Hz time series, and all timepoints within 35 ms of a peak in the 200 Hz time series. More exactly, a zero-one vector of peak timepoints (containing ones at each peak and zeros otherwise, so each peak is represented by a one) was convolved with the absolute values of the Morlet wavelets used for spectral analysis described above. The resulting time series were divided by their maxima, and time points at which these normalized time series were greater than 0.1 were set to NaN in all wavelet transforms. The results of these convolutions were also summed over the 6 frequency bands given above; these time series were divided by their maxima, and time points at which the normalized time series were greater than 0.1 were set to NaN in the band power time series. This method successfully removed most of the spectral contamination resulting from peak-like deflections in the LFP. Figure S1 . Band power increases relative to baseline in all bands, with beta power increases having the longest duration. Duration of band power increases (mean ± S.E.) is shown for all frequency bands, for the striatal LFP (left), the M1 LFP (middle), and for both LFPs (right).
Duration of Increases in Band-Limited Power
To determine the duration of increases in band power following carbachol infusion, we compared power within sliding 5 min windows (of 300 observations) to power during the preinfusion baseline period, with one-sided unpaired t-tests at significance level p=0.05. These sliding windows were shifted with a step size of 30 s. Each timepoint was considered to be a timepoint at which β was increased, if it belonged to one sliding window in which power significantly increased from baseline.
Identification of Snapshots of Oscillatory Dynamics Before and After Carbachol Infusion
The duration of recordings following infusion was longer than the duration of recordings before infusion, possibly biasing our calculation of increases in band-limited power (above). In addition, the marked increases in β power visible in wavelet spectrograms (Fig. 1a) occurred at varying times following carbachol infusion. To account for this variability across animals and for the different duration of recordings pre-and post-infusion, we compared "snapshots" of oscillatory dynamics -short periods characteristic of carbachol-induced increases in power at each frequency band -with periods of the same length, selected in the same way, from pre-infusion recordings. More specifically, we utilized a measure called "band power density" (BPD), designed to capture the burstiness of post-carbachol power increases, i.e. to indicate periods of especially dense but not continuous oscillatory activity.
To calculate BPD, we first identified putative timepoints of "high power" in each of the 6 frequency bands -δ (1-4 Hz), θ (5-8 Hz), α/low β (9-14 Hz), β (15-30 Hz), γ (40-100 Hz), and high-frequency oscillation (HFO, 120-180 Hz) -, as timepoints when the z-scored band power at that frequency was higher than 2 standard deviations from the mean over the pre-infusion period. To further eliminate contamination from peaks or smaller LFP deflections that were not removed by the peak detection algorithm described above, we eliminated putative high power timepoints occurring simultaneously with putative high power timepoints in any lower frequency band.
The resulting high power timepoints were used to calculate BPD, as the number of high power timepoints per second.
Since carbachol infusion induced power increases happened on a slow time scale of minutes, we used a 2.5 min long sliding window (with steps of 1 second) to identify candidate snapshots of increased oscillatory activity in the striatum. Sliding windows were used to identify the 2.5 min period during which striatal BPD achieved the maximum over the post-infusion period (up to 30 minutes). We used the same method to identify the 2.5 minutes of maximal striatal BPD during the pre-infusion period. Subsequent comparisons are made between the identified 2.5 minute snapshots before and after infusion.
Statistical Comparisons of Pre-and Post-Infusion Power
To avoid fluctuations in lower frequency power from dominating our results (a possibility due to the power-law spectral signature of LFP data), and to allow comparisons between mice, we normalized each wavelet magnitude time series to the mean wavelet magnitude at that frequency during the pre-infusion period. Specifically, we normalized the wavelet magnitude time series as the percent change from mean preinfusion wavelet magnitude. Since wavelet transforms are computed using a convolution that essentially "slides" the wavelet time series along the LFP time series, the resulting estimates of power are not independent (i.e., adjacent time points influence each other, with adjacency determined by the length (in cycles) and the frequency of each wavelet -1700 ms at 1 Hz, 850 ms at 2 Hz, and 60 ms at 200 Hz). To reduce the temporal correlation of the estimates of percent change in power, we divided the 2.5 minute periods analyzed into 150 non-overlapping 1 second long windows. One observation of normalized spectral power was calculated from each window by averaging the percent change in wavelet magnitude over that 1 second.
To determine statistical differences on individual animal level, we used the resulting 150 observations during the two periods, pre and post-infusion, by calculating paired t-tests between the two sets of 150 observations at each frequency. A t-test having a p-value below p = 0.01 for a frequency within the β band (15-30 Hz) indicated a significant change in β power pre-to post-infusion.
For population statistics across mice, average normalized spectral power over the pre-and post-infusion periods was calculated first for each mouse, and then the mean and standard error of normalized power were calculated across mice. A power analysis suggested that for n = 12 and for a standard deviation in normalized spectral power of 30%, an increase in post-infusion normalized spectral power 50% could be detected with a Type II error rate below 10% and Type I error rate below 1%. Thus, we used a significance level of p = 0.01. Mean and 98% confidence intervals of normalized spectral power are plotted for the identified pre-and post-infusion periods, and paired one-sided t-tests across periods at each frequency were used to indicate a significant increase in power peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/148551 doi: bioRxiv preprint first posted online Jul. pre-to post-infusion, at level p = 0.01.
Phase-Locking Between M1 and Striatum
To examine phase-locking between M1 and striatum, we computed the magnitude of the mean resultant vector (MRV) of instantaneous phase differences (striatum -M1) for each frequency, for each second, within the identified 2.5 minute analysis window when striatal β BPD was highest, during pre-and post-infusion. First, the instantaneous phase of the wavelet transform in M1 was subtracted from the instantaneous phase of the wavelet transform in striatum, at each frequency and time. The circular mean phase difference at each frequency was then calculated for each second. The magnitude of the MRV provides a measure of the degree of phase consistency or phase-locking between the two recording sites at a particular frequency (phase-locking value, or PLV). As with spectral power, PLV was first normalized as a percentage of baseline (i.e. mean pre-infusion) PLV to allow comparisons across mice. 150 PLV values per period were used to compute differences on an individual level, by computing paired t-tests between periods for a set of 150 observations (pre-and postinfusion) per frequency. Group averaged PLV was then computed first for each mouse (across these 150 observations, and then averaged across mice (n = 12 mice). Paired one-sided t-tests (at significance level p = .01) across periods were used to detect increases in normalized PLV using these 12 observations at each frequency, and are displayed in Fig. S2 alongside the group average and 98% confidence intervals.
Cross-Spectral Power and Partial Directed Coherence
To fit the autoregressive model required for the calculation of cross-spectral power and partial directed coherence (PDC), it was necessary to remove peak artifacts in a way preserving the continuity of the signal in the time domain. Thus, instead of removing timepoints around peak artifacts from the spectral peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/148551 doi: bioRxiv preprint first posted online Jul. 5, 2017; data in a frequency dependent way, we removed peak artifacts from the time series, by subtracting a suitably scaled average peak waveform from each peak, as follows. First, the set of peak artifacts for each animal was clustered into subsets. Then, a scaled version of the mean peak waveform of each subset was removed from each peak within that subset. Scaling was accomplished by projected the time series around the peak onto the mean peak waveform. The resulting mean peak waveform was windowed and linearly offset, to ensure that the endpoints of the peak-subtracted data matched the endpoints of the raw data, and no discontinuities were introduced by the subtraction.
Following time-domain subtraction of peak artifacts, the pre-infusion baseline periods and the 2.5 min time series during the periods of highest BPD before and after carbachol infusion were divided into 10 s epochs. For each animal, each of these epochs was fit with an autoregressive model, using the MVGC Multivariate Granger Causality Toolbox [16] . These autoregressive models were transformed into frequency-domain cross-spectral and PDC values, also using the MVGC Toolbox. The absolute values of cross-spectral and PDC measures during the 2.5 minutes of highest BPD were normalized by the mean values of these measures during the baseline period for each animal. Normalizations were calculated as the percent change from the baseline mean. At each frequency and for each period (pre-and post-infusion), fifteen normalized values of cross-spectral power and PDC resulted from the 10 s epochs obtained from the period of highest BPD. These 15 values were compared between preand post-infusion periods to obtain significant individual-level changes in cross-spectral power and PDC, at significance level p = 0.01. The 12 sets of averaged normalized values (one from each animal) at each frequency pre-and post-infusion were compared with paired t-tests at significance level p = 0.05 to obtain group-level changes. The group-level difference between post-and pre-infusion cross-spectral power and PDC is plotted in Figure S2. 
Phase-Amplitude Coupling
For the calculation of phase-amplitude coupling, we removed peak artifacts in the same way as described above for the fitting of autoregressive models, and divided pre-and postinfusion periods of highest BPD into 10 s epochs. PAC comodulograms were computed for each epoch, 10 s as follows. For each pair of high-frequency amplitude and low-frequency phase time series (obtained using the wavelet transform as described above), an inverse entropy index [21] was computed. First, a phase-amplitude "distribution" was constructed by: (i) dividing the phase domain (0, 2π] into 20 evenlyspaced bins; (ii) averaging the high-frequency amplitudes co-occuring with phases lying in each bin; and (iii) dividing by the sum across bins of these average amplitudes, to yield an empirical marginal distribution of high-frequency amplitude by low-frequency phase. Next, the entropy of this distribution of amplitude by phase -a measure of uniformity across phase -was computed, and normalized to yield a quantity between zero and one. The resulting inverse entropy measure (IE) quantifies the degree of phase-amplitude dependence. An IE of zero indicates no phase-amplitude dependence (a uniform distribution of phase with respect to amplitude). An IE of one is obtained when all the amplitude occurs in a single phase bin. In general, higher IE is awarded to distributions exhibiting a stronger dependence of phase on amplitude, including distributions exhibiting multiple peaks.
For a finite data series, measurements of cross-frequency coupling will always take finite nonzero values, even when no coupling is present in the data. These nonzero values depend in part on the bandwidth, center frequency, and other properties of the observed signals. To remove these non-couplingrelated influences, we used surrogate data to estimate "background" values of PAC. These background PAC values were estimated using epoch-shuffled surrogate data: for each channel and each 2.5 min snapshot, all non-simultaneous pairings of 10 s epochs were used to compute non-simultaneous sets of high-and low-frequency time series. These non-simultaneous time series were used to calculate a distribution of surrogate IE values. This distribution was used to z-score the observed IE for each epoch (at each pair of frequencies), yielding a "normalized" measure of significant coupling.
Statistical Comparisons of Groups M1+ and M1-
When comparing within and across subgroups M1+ and M1-, we performed t-tests of the 6 average normalized values of each measure (per group and per period) at each frequency. A power analysis suggested that for n = 6 and for a standard deviation in normalized spectral power of 30%, an increase in post-infusion normalized spectral power of 50% could be detected with a Type II error rate below 20% and a Type I error rate below 5%. Thus, we used a significance level of p = 0.05. Mean and 90% confidence intervals of normalized spectral power are plotted for the identified pre-and post-infusion periods, and paired one-sided t-tests across periods at each frequency were used to indicate a significant increase in power pre-to post-infusion, at level p = 0.05. For comparisons of PAC between groups, the median PAC across epochs was computed for each animal, and the 12 resulting sets of averaged z-scored values (one from each animal) at each frequency pair were compared between groups M1+ and M1-, with ranksum tests at significance level p = 0.05 (since PAC measures are not approximately normal, even after z-scoring).
